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JOINT CHANNEL AND PHASE NOISE arranging each according to one or more sequences , alter 
ESTIMATION IN CONTROL SYMBOLS OF A nating the control tones and the pilot tones , offsetting the 

MILLIMETER WAVE LINK pilot tones from the control tones , and combinations thereof . 
A receiving wireless device may use the pilot tones to 

CROSS REFERENCES 5 determine a joint estimation of channel and PN . 
In a first set of illustrative examples , a method for wireless 

The present application for patent claims priority to U . S . communication is described communication is described . In one configuration , the in one . 
Provisional Patent Application No . 62 / 187 , 773 by Cezanne method includes inserting a control tone at a first periodicity 
et al . , titled “ Joint Channel and Phase Noise Estimation in in a first subcarrier of a control symbol . The method also 
Control Symbols of a Millimeter Wave Link , ” filed Jul . 1 , 10 includes inserting a pilot tone at a second periodicity in a 
2015 , assigned to the assignee hereof , and expressly incor second subcarrier of the control symbol , the pilot tone being porated by reference herein . offset from the control tone in the control symbol . The 

method further includes transmitting the control symbol . BACKGROUND In a second set of illustrative examples , an apparatus for 15 
Field of the Disclosure wireless communication is described . In one configuration , 

The present disclosure , for example , relates to wireless the apparatus may include a control tone module for insert 
communication systems , and more particularly to joint chan ing a control tone at a first periodicity in a first subcarrier of 
nel and phase noise estimation . a control symbol . The apparatus may also include a pilot 

Description of Related Art 20 tone module for inserting a pilot tone at a second periodicity 
Wireless communication systems are widely deployed to in a second subcarrier of the control symbol , the pilot tone 

provide various types of communication content such as being offset from the control tone in the control symbol . The 
voice , video , packet data , messaging , broadcast , and so on . apparatus may further include a transmitter for transmitting 
These systems may be multiple - access systems capable of the control symbol . 
supporting communication with multiple users by sharing 25 In a third set of illustrative examples , another apparatus 
the available system resources ( e . g . , time , frequency , and for wireless communication is described . In one configura 
power ) . Examples of such multiple - access systems include tion , the apparatus may include a processor , memory in 
code - division multiple access ( CDMA ) systems , time - divi electronic communication with the processor , and instruc 
sion multiple access ( TDMA ) systems , frequency - division tions stored in the memory and operable , when executed by 
multiple access ( FDMA ) systems , and orthogonal fre - 30 the processor , to cause the apparatus to insert a control tone 
quency - division multiple access ( OFDMA ) systems . at a first periodicity in a first subcarrier of a control symbol . 
By way of example , a wireless multiple - access commu - The instructions may , when executed by the processor , 

nication system may include a number of base stations , each further cause the apparatus to insert a pilot tone at a second 
simultaneously supporting communication for multiple periodicity in a second subcarrier of the control symbol , the 
communication devices , otherwise known as user equip - 35 pilot tone being offset from the control tone in the control 
ments ( UES ) . A base station may communicate with UEs on symbol . The instructions may , when executed by the pro 
downlink channels ( e . g . , for transmissions from a base cessor , further cause the apparatus to transmit the control 
station to a UE ) and uplink channels ( e . g . , for transmissions symbol . 
from a UE to a base station ) . In a fourth set of illustrative examples , a non - transitory 

Phase noise ( PN ) is commonly present in wireless trans - 40 computer - readable medium storing computer - executable 
missions . PN can lead to errors in channel estimation , code for wireless communication is described . In one con 
degrade signal quality , and increase intercarrier interference figuration , the computer - executable code may be executable 
among subcarriers , among other problems . Some radios , by a processor to cause a wireless device to insert a control 
such as millimeter wave ( mmW ) radios , have higher phase tone at a first periodicity in a first subcarrier of a control 
noise levels than other radios , such as those using frequen - 45 symbol and insert a pilot tone at a second periodicity in a 
cies below 6 gigahertz ( GHZ ) . This may be due to a higher second subcarrier of the control symbol , the pilot tone being 
frequency ratio between a local oscillator and a temperature offset from the control tone in the control symbol . The 
compensated crystal oscillator of the radio . Such radios may computer - executable code may be further executable by the 
also have noisier voltage control oscillators . In a downlink processor to cause the wireless device to transmit the control 
or uplink transmission , a user equipment ( UE ) may contrib - 50 symbol . 
ute a majority of the PN . The method , apparatuses , and non - transitory computer 

Performing channel estimation may be necessary for readable medium may include additional features . In some 
coherent detection of wireless transmissions . However , the examples , inserting the pilot tone at the second periodicity 
channel estimate and the PN may be unknown during the further includes inserting the pilot tone every nth subcarrier . 
reception of a control symbol . The channel estimate and the 55 In some example , n is a value greater than one . The variable 
estimated PN may be used to demodulate control and data n may be determined based at least in part on a channel delay 
symbols . spread , a phase noise level , a channel noise level , or com 

binations thereof . 
SUMMARY In some examples , the method , apparatuses , and non 

60 transitory computer - readable medium may further include 
Techniques , apparatus , and systems described herein may determining the offset based at least in part on one or both 

be used to estimate a channel and phase noise ( PN ) in of a channel delay spread and a phase noise level . In some 
control symbols . A wireless device may generate control examples , the offset comprises four subcarriers . The first 
symbols that include both control tones and pilot tones . The periodicity may be equal to the second periodicity . In some 
control tones and the pilot tones may be arranged in the 65 examples , the first periodicity and the second periodicity are 
control symbols in one of several ways . Example ways of every eight tones in a frequency domain of the control 
arranging the control tones and the pilot tones includes symbol . 
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The control symbol may include alternating control tones Performing the phase noise estimation and the channel 
and pilot tones separated by unoccupied subcarriers . Some estimation may further include compensating the control 
examples may include determining a phase of a series of symbol based on the phase noise estimation and performing 
pilot tones based at least in part on a pseudo - noise sequence the channel estimation based on the compensated phase 
or a Zadoff - Chu sequence . Some examples may include 5 noise . 
determining a phase of a series of the pilot tones based at The foregoing has outlined rather broadly the features and 
least in part on a user equipment ( UE ) identification ( ID ) , a technical advantages of examples according to the disclo 
cell ID , a beam ID , or combinations thereof . Some examples sure in order that the detailed description that follows may 
include precoding control information for the control tone be better understood . Additional features and advantages 
with a discrete Fourier transform . 10 will be described hereinafter . The conception and specific 

In some examples , transmitting the control symbol further examples disclosed may be readily utilized as a basis for 
includes transmitting the control tone at a higher power than modifying or designing other structures for carrying out the 
the pilot tone . Some examples may include transmitting at same purposes of the present disclosure . Such equivalent 
least two control symbols in a sub - frame , wherein the constructions do not depart from the scope of the appended 
frequency of transmitting the at least two control symbols is 15 claims . Characteristics of the concepts disclosed herein , both 
based at least in part on a velocity of a wireless device and their organization and method of operation , together with 
a frequency of channel change . In some examples , the at associated advantages will be better understood from the 
least two control symbols includes a symbol that includes following description when considered in connection with 
only pilot tones and null tones . The wireless device may the accompanying figures . Each of the figures is provided for 
include a millimeter wave ( mmW ) radio . In some examples , 20 the purpose of illustration and description only , and not as a 
transmitting the control symbol further includes transmitting definition of the limits of the claims . 
the control symbol within a mm W radio spectrum frequency . 

In a fifth set of illustrative examples , a method for BRIEF DESCRIPTION OF THE DRAWINGS 
wireless communication is described . In one configuration , 
the method includes receiving a control symbol comprising 25 A further understanding of the nature and advantages of 
a control tone at a first periodicity , and a pilot tone at a the present disclosure may be realized by reference to the 
second periodicity , the pilot tone being offset from the following drawings . In the appended figures , similar com 
control tone in the control symbol . The method also includes ponents or features may have the same reference label . 
performing a phase noise estimation and a channel estima - Further , various components of the same type may be 
tion from the pilot tone . 30 distinguished by following the reference label by a dash and 

In a sixth set of illustrative examples , an apparatus for a second label that distinguishes among the similar compo 
wireless communication is described . In one configuration , nents . If only the first reference label is used in the speci 
the apparatus may include a receiver for receiving a control fication , the description is applicable to any one of the 
symbol comprising a control tone at a first periodicity , and similar components having the same first reference label 
a pilot tone at a second periodicity , the pilot tone being offset 35 irrespective of the second reference label . 
from the control tone in the control symbol . The apparatus FIG . 1 illustrates an example of a wireless communica 
may also include an estimation component for performing a tions system that supports joint channel and phase noise 
phase noise estimation and a channel estimation from the estimation in accordance with various aspects of the present 
pilot tone . disclosure ; 

In a seventh set of illustrative examples , another appara - 40 FIG . 2 shows a flow diagram illustrating example channel 
tus for wireless communication is described . In one con - and phase noise ( PN ) estimation in a wireless communica 
figuration , the apparatus may include a processor , memory tion system , in accordance with various aspects of the 
in electronic communication with the processor , and instruc - present disclosure ; 
tions stored in the memory and operable , when executed by FIG . 3 illustrates an example sub - frame structure that 
the processor , to cause the apparatus to receive a control 45 supports joint channel and phase noise estimation in accor 
symbol comprising a control tone at a first periodicity , and dance with various aspects of the present disclosure ; 
a pilot tone at a second periodicity , the pilot tone being offset FIG . 4 illustrates an example control symbol structure in 
from the control tone in the control symbol . The instructions accordance with various aspects of the present disclosure ; 
may , when executed by the processor , further cause the FIG . 5 illustrates another example control symbol struc 
apparatus to perform a phase noise estimation and a channel 50 ture in accordance with various aspects of the present 
estimation from the pilot tone . disclosure ; 

In an eighth set of illustrative examples , a non - transitory FIG . 6 shows a block diagram of an example wireless 
computer - readable medium storing computer - executable device that supports joint channel and phase noise estima 
code for wireless communication is described . In one con - tion in accordance with various aspects of the present 
figuration , the computer - executable code may be executable 55 disclosure ; 
by a processor to cause a wireless device to receive a control FIG . 7 shows a block diagram of another example wire 
symbol comprising a control tone at a first periodicity , and less device that supports joint channel and phase noise 
a pilot tone at a second periodicity , the pilot tone being offset estimation in accordance with various aspects of the present 
from the control tone in the control symbol . The computer - disclosure ; 
executable code may be further executable by the processor 60 FIG . 8 illustrates a block diagram of a system including 
to cause the wireless device to perform a phase noise a base station that supports joint channel and phase noise 
estimation and a channel estimation from the pilot tone . estimation in accordance with various aspects of the present 

The method , apparatuses , and non - transitory computer - disclosure ; 
readable medium may include additional features . Some FIG . 9 shows a block diagram of an example wireless 
examples include determine control information from the 65 device that supports joint channel and phase noise estima 
control tone , wherein determining control information is tion in accordance with various aspects of the present 
based at least in part on channel and phase noise estimation . disclosure ; 
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FIG . 10 shows a block diagram of another example base transceiver station , a radio base station , an access point , 
wireless device that supports joint channel and phase noise a radio transceiver , a NodeB , eNodeB ( eNB ) , Home NodeB , 
estimation in accordance with various aspects of the present a Home eNodeB , or some other suitable terminology . The 
disclosure ; geographic coverage area 110 for a base station 105 may be 

FIG . 11 illustrates a block diagram of a system including 5 divided into sectors making up only a portion of the cover 
a user equipment ( UE ) that supports joint channel and phase age area . The wireless communications system 100 may 
noise estimation in accordance with various aspects of the include base stations 105 of different types ( e . g . , macro 
present disclosure ; and / or small cell base stations ) . There may be overlapping 

FIG . 12 illustrates an example method for joint channel geographic coverage areas 110 for different technologies . 
and phase noise estimation in accordance with various 10 In some examples , the wireless communications system 
aspects of the present disclosure ; and 100 is an LTE / LTE - A network . In LTE / LTE - A networks , the 

FIG . 13 illustrates an example method for joint channel term evolved Node B ( BNB ) may be generally used to 
and phase noise estimation in accordance with various describe the base stations 105 , while the term UE may be 
aspects of the present disclosure . generally used to describe the UEs 115 . The wireless com 

munications system 100 may be a Heterogeneous LTE / 
DETAILED DESCRIPTION LTE - A network in which different types of eNBs provide 

coverage for various geographical regions . For example , 
Channel and phase noise ( PN ) may be estimated from each eNB or base station 105 may provide communication 

control symbols that include pilot tones as well as control coverage for a macro cell , a small cell , and / or other types of 
tones . A wireless device , such as a base station , may 20 cell . The term " cell ” is a 3GPP term that can be used to 
generate a control symbol that includes both control tones describe a base station , a carrier or component carrier 
and pilot tones . The control tones and the pilot tones may be associated with a base station , or a coverage area ( e . g . , 
arranged in the control symbols according to a first and sector , etc . ) of a carrier or base station , depending on 
second periodicity , respectively . In some examples , the first context . 
and second periodicities may be the same with an offset 25 A macro cell generally covers a relatively large geo 
between the control tones and the pilot tones . A receiving graphic area ( e . g . , several kilometers in radius ) and may 
wireless device , such as a user equipment ( UE ) , may use the allow unrestricted access by UEs with service subscriptions 
pilot tones to determine a joint estimation of channel and with the network provider . A small cell is a lower - powered 
PN . base station , as compared with a macro cell , that may 

The following description provides examples , and is not 30 operate in the same or different ( e . g . , licensed , unlicensed , 
limiting of the scope , applicability , or examples set forth in etc . ) frequency bands as macro cells . Small cells may 
the claims . Changes may be made in the function and include pico cells , femto cells , and micro cells according to 
arrangement of elements discussed without departing from various examples . A pico cell may cover a relatively smaller 
the scope of the disclosure . Various examples may omit , geographic area and may allow unrestricted access by UEs 
substitute , or add various procedures or components as 35 with service subscriptions with the network provider . A 
appropriate . For instance , the methods described may be femto cell also may cover a relatively small geographic area 
performed in an order different from that described , and ( e . g . , a home ) and may provide restricted access by UES 
various steps may be added , omitted , or combined . Also , having an association with the femto cell ( e . g . , UEs in a 
features described with respect to some examples may be closed subscriber group ( CSG ) , UEs for users in the home , 
combined in other examples . 40 and the like ) . An eNB for a macro cell may be referred to as 

FIG . 1 illustrates an example of a wireless communica - a macro eNB . An eNB for a small cell may be referred to as 
tions system 100 in accordance with various aspects of the a small cell eNB , a pico eNB , a femto eNB or a home eNB . 
disclosure . The wireless communications system 100 An eNB may support one or multiple ( e . g . , two , three , four , 
includes base stations 105 , user equipment ( UEs ) 115 , and a and the like ) cells ( e . g . , component carriers ) . 
core network 130 . The core network 130 may provide user 45 The wireless communications system 100 may support 
authentication , access authorization , tracking , Internet Pro - synchronous or asynchronous operation . For synchronous 
tocol ( IP ) connectivity , and other access , routing , or mobility operation , the base stations may have similar frame timing , 
functions . The base stations 105 interface with the core and transmissions from different base stations may be 
network 130 through backhaul links 132 ( e . g . , S1 , etc . ) and approximately aligned in time . For asynchronous operation , 
may perform radio configuration and scheduling for com - 50 the base stations may have different frame timing , and 
munication with the UEs 115 , or may operate under the transmissions from different base stations may not be 
control of a base station controller . In various examples , the aligned in time . The techniques described herein may be 
base stations 105 may communicate , either directly or used for either synchronous or asynchronous operations . 
indirectly ( e . g . , through core network 130 ) , with each other The communication networks that may accommodate 
over backhaul links 134 ( e . g . , X1 , etc . ) , which may be wired 55 some of the various disclosed examples may be packet 
or wireless communication links . In some examples , the based networks that operate according to a layered protocol 
wireless communications system 100 may have protocols stack . In the user plane , communications at the bearer or 
similar to that of a Long Term Evolution ( LTE ) / LTE - Packet Data Convergence Protocol ( PDCP ) layer may be 
advanced ( LTE - a ) wireless network or a millimeter - wave IP - based . A Radio Link Control ( RLC ) layer may perform 
based wireless network . In some examples , the wireless 60 packet segmentation and reassembly to communicate over 
communications system 100 may be a millimeter - wave logical channels . A Medium Access Control ( MAC ) layer 
based wireless network . may perform priority handling and multiplexing of logical 

The base stations 105 may wirelessly communicate with channels into transport channels . The MAC layer may also 
the UEs 115 via one or more base station antennas . Each of use Hybrid ARO ( HARM ) to provide retransmission at the 
the base station 105 sites may provide communication 65 MAC layer to improve link efficiency . In the control plane , 
coverage for a respective geographic coverage area 110 . In the Radio Resource Control ( RRC ) protocol layer may 
some examples , base stations 105 may be referred to as a provide establishment , configuration , and maintenance of an 
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RRC connection between a UE 115 and the base stations 105 symbol component 145 . The UE control symbol component 
or core network 130 supporting radio bearers for the user 145 may function similarly to the BS control symbol com 
plane data . At the Physical ( PHY ) layer , the transport ponent 140 . However , for illustrative purposes , the examples 
channels may be mapped to Physical channels . included herein mainly describe a BS 105 generating the 

The UEs 115 are dispersed throughout the wireless com - 5 control symbols and the UE 115 estimating the channel and 
munications system 100 , and each UE 115 may be stationary PN from the control symbols . However , it is to be under 
or mobile . A UE 115 may also include or be referred to by stood that either the BS 105 or the UE 115 may generate or 
those skilled in the art as a mobile station , a subscriber interpret control symbols . 
station , a mobile unit , a subscriber unit , a wireless unit , a Therefore , techniques described herein design a symbol 
remote unit , a mobile device , a wireless device , a wireless 10 that conveys control information which allows a receiver to 
communications device , a remote device , a mobile sub - estimate the channel profile in the presence of phase noise 
scriber station , an access terminal , a mobile terminal , a and additive channel noise . The symbol may be used for an 
wireless terminal , a remote terminal , a handset , a user agent , airlink that uses a cyclic prefix ( e . g . , OFDM , single - carrier 
a mobile client , a client , or some other suitable terminology . FDMA ( SC - FDM ) , single - carrier cyclic prefix ( SCCP ) , 
A UE 115 may be a cellular phone , a personal digital 15 etc . ) . 
assistant ( PDA ) , a wireless modem , a wireless communica - FIG . 2 shows a flow diagram illustrating example channel 
tion device , a handheld device , a tablet computer , a laptop and PN estimation in a wireless communications system 
computer , a cordless phone , a wireless local loop ( WLL ) 200 , in accordance with various aspects of the present 
station , or the like . A UE may be able to communicate with disclosure . The wireless communications system 200 may 
various types of base stations and network equipment 20 include a UE 115 - b and BS 105 - b , which may be examples 
including macro eNBs , small cell eNBs , relay base stations , of a UE 115 and base station 105 described with reference 
and the like . to FIG . 1 . 

The communication links 125 shown in wireless commu Before the UE 115 - b performs channel and PN estima 
nications system 100 may include uplink ( UL ) transmissions tion , the BS 105 - b may send directional primary synchro 
from a UE 115 to a base station 105 , and / or downlink ( DL ) 25 nization signals in different directions . The UEs within a cell 
transmissions , from a base station 105 to a UE 115 . The of the BS 105 - b , for example the UE 115 - b , may feedback 
downlink transmissions may also be called forward link a best direction to the BS 105 - b . The BS 105 - b may then 
transmissions while the uplink transmissions may also be schedule a set of UEs that will receive downlink traffic . 
called reverse link transmissions . Each communication link In order for the UE 115 - b to jointly estimate channel and 
125 may include one or more carriers , where each carrier 30 PN , the BS 105 - b may generate a control symbol ( 205 ) . The 
may be a signal made up of multiple sub - carriers ( e . g . , BS 105 - b may include pilot tones and control tones in the 
waveform signals of different frequencies ) modulated control symbol . The BS 105 - b may also generate multiple 
according to the various radio technologies described above . control symbols . 
Each modulated signal may be sent on a different sub - carrier The BS 105 - b may transmit the control symbol 210 to the 
and may carry control information ( e . g . , reference signals , 35 UE 115 - b . Upon receiving the control symbol 210 , the UE 
control channels , etc . ) , overhead information , user data , etc . 115 - b may estimate the channel and PN from the control 
The communication links 125 may transmit bidirectional symbol 210 ( 215 ) . The BS 105 - b may transmit data 220 to 
communications using FDD ( e . g . , using paired spectrum the UE 115 - b . The BS 105 - b may use OFDMA or SC 
resources ) or TDD operation ( e . g . , using unpaired spectrum FDMA , for example . The UE 115 - b may use the estimated 
resources ) . Frame structures for FDD ( e . g . , frame structure 40 channel and PN for coherent detection of the data 220 . 
type 1 ) and TDD ( e . g . , frame structure type 2 ) may be F IG . 3 illustrates an example sub - frame 300 structure that 
defined . supports joint channel and phase noise estimation in accor 

In some embodiments of the wireless communications dance with various aspects of the present disclosure . The 
system 100 , base stations 105 and / or UEs 115 may include sub - frame 300 may include a control symbol 210 - a , which 
multiple antennas for employing antenna diversity schemes 45 may be examples of the control symbol 210 described with 
to improve communication quality and reliability between reference to FIG . 2 . The sub - frame 300 may also include one 
base stations 105 and UEs 115 . Additionally or alternatively , or more data symbols , such as data symbols 220 - a , 220 - b , 
base stations 105 and / or UEs 115 may employ multiple - and 220 - c which may be examples of the data symbol 220 
input , multiple - output ( MIMO ) techniques that may take described with reference to FIG . 2 . 
advantage of multi - path environments to transmit multiple 50 In some examples , the sub - frame 300 may have 33 
spatial layers carrying the same or different coded data . symbols and a 125 microsecond ( us ) duration . The sub 

Wireless communications system 100 may support opera - frame 300 illustrates only a single UE allocation per sub 
tion on multiple cells or carriers , a feature which may be frame , but in other examples , two or more UEs may be 
referred to as carrier aggregation ( CA ) or multi - carrier multiplexed in a time domain . 
operation . A carrier may also be referred to as a component 55 The first symbol may be the control symbol 210 - a which 
carrier ( CC ) , a layer , a channel , etc . A UE 115 may be transmits control information ( e . g . , scheduling , modulation 
configured with multiple downlink CCs and one or more and coding scheme ( MCS ) information , etc . ) . The control 
uplink CCs for carrier aggregation . Carrier aggregation may symbol 210 - a may include control tones that contain the 
be used with both FDD and TDD component carriers . control information . The control information may be pre 

A base station , such as BS 105 - a , may include a BS 60 coded ( e . g . , with a discrete Fourier transform ) and corre 
control symbol component 140 . The BS control symbol sponding control tones may be inserted in the control 
component 140 may generate one or more control symbols symbol with a periodicity . In one example , the periodicity is 
for transmission according to techniques described herein . every gth tone in the frequency domain . The control symbol 
The BS control symbol component 140 may also estimate may also include pilot tones for joint channel and PN 
channel and phase noise from a received control symbol that 65 estimation . The pilot tones may be encoded into the control 
includes pilot tones as well as control tones . Similarly , a symbol with a second periodicity , which may be the same or 
wireless device , such as UE 115 - a , may include a UE control different than the periodicity of the control tones . In some 
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examples , the periodicity of the pilot tones may be an integer The variable k , referring to the tone location in an OFDM 
multiple of the periodicity of the control tones . In examples symbol , may be given as in Equation 2 and the variable m 
where the chosen periodicities cause the pilot tones and the as in Equation 3 . 
control tones to collide , the control tone sequence may be 
punctured ( e . g . , colliding control tones may not be used ) . 5 

k = 8m The control tones and the pilot tones may be offset from each 
other . 

As phase noise may vary quickly in time , PN mitigation m = 0 , 1 , . . . , NRBNSC 

pilot tones may be included in every symbol . Also , two or 
more channel estimation symbols may be included among 
the 33 symbols of the sub - frame 300 . Thus , the data 220 - a Here , NARDI may denote a number of resource blocks in the 
may include pilot tones for PN estimation . The data 220 - b downlink . Nsc may denote the number of subcarriers per 
may include a control symbol that has pilot tones and control resource block . 
tones for joint channel and PN estimation . The data 220 - ci The location of the control tones may be defined . The 
may include pilot tones for PN estimation . variable by denotes the transmitted tones that contain control 

FIG . 4 illustrates an example control symbol 400 structure information , the control tones may be located according to 
in accordance with various aspects of the present disclosure . Equations 4 and 3 . 
The illustration of the control symbol 400 represents tones 
in a frequency domain . The control symbol 400 may be an 20 ( 4 ) 
example of the control symbol 210 described with reference In this example , the control or pilot tones are transmitted 
to FIGS . 2 and 3 . after every four subcarriers . The overall sequence may The control symbol 400 includes control tones 410 . The generate time domain periodicity with a period length of 
control tones 410 contain control information . To enable the 2048 divided by four , which is 512 samples . The receiver control symbol 400 to be used for joint channel and PN 25 ( e . g . , UE 115 ) may get four periods of a time domain estimation , the control symbol 400 also includes pilot tones sequence where each period is multiplied with different 405 . The control symbol 400 may have null tones ( i . e . , no phase noise . The UE 115 may measure an average phase tone or information between the control tones 410 and the difference between those received periods . This may yield a pilot tones 405 . A receiver of the control symbol 400 may 
use the pilot tones 405 to jointly estimate channel and PN . 30€ 30 coarse estimation of the phase noise trajectory with a time 
Any occupied subcarrier in the control symbol 400 contains resolution of 512 samples . If the power of the control tones 
either a control tone or a pilot tone . is kept small relative to the power of the pilot tones , the UE 

In the example of FIG . 4 , the control tones 410 are located 115 may estimate phase noise with a resolution of 256 
at every eighth tone in the frequency domain . Thus the samples based on this example periodicity . Lower resolu 
periodicity of inserting the control tones 410 may be one in 35 tions may be achieved with algorithms of higher computa 
every eight tones . The pilot tones 405 may also be located tional complexity . The UE 115 may estimate the channel 
in the control symbol 400 with a periodicity , which in this after compensating for the phase noise . 
example is also one in every eighth tone . The pilot tones 405 A frequency of joint channel and PN estimation symbols 
may be separated by the control tones 410 by an offset 415 . in the time domain may vary in different examples . A 
In this example , the offset 415 is four tones . The offset 415 40 number of control symbols per subframe may depend on a 
may depend on a phase noise level , a channel delay spread , velocity of the receiving wireless device , a frequency of 
or combinations thereof . The example of FIG . 4 may handle channel change , or combinations thereof . In one example , a 
a 300 nanosecond delay spread . symbol containing joint channel and PN estimation pilot is 

In other examples , other periodicities may be used for the inserted every 62 . 5 us for each UE . The relationship between 
pilot tones 405 and / or control tones 410 . Over one period 45 the channel correlation and UE speed may be approximated 
length ( e . g . , eight tones in the example of FIG . 4 ) , the by Clarke ' s model . Some examples handle approximately a 
channel may not vary much . However , if the channel varies speed of 300 kilometers per hour ( km / hr ) . 
faster , the period length of the pilot tones 405 may be The transmit power may be split between data and pilot 
shortened . On the other hand , the PN may spill spectral tones . Phase noise may leak the contents of one town into a 
power from the pilot tones and control tones to their respec - 50 neighboring tone . If control tones have too much power , 
tive neighboring tones . To keep this mutual interference they may corrupt the content of one or more pilot tones due 
small , in some examples the offset 450 may not be shortened to the phase noise . On the other hand , control tones need to 
below a selected limit . Some periodicities may be one in have sufficient power so that the receiver may demodulate 
every seven or nine tones , for example , while other period them . Thus , the transmitter may allocate power among the 
icities may be used in other examples . In some examples , the 55 control tones and the pilot tones to reduce this problem . 
periodicity may be dependent on a power spectrum of the Further , a pilot sequence may have identification infor 
phase noise . mation embedded in it . For example , cell identification ( ID ) 

The phase of the pilot tones 405 may be modulated may be embedded in the pilot sequence so that the receiving 
according to a known sequence . The sequence may be a wireless device can measure the interference from neigh 
Zadoff - Chu sequence , a gold sequence , or any other suitable 60 boring base stations . Alternatively , a beam ID may be 
sequence . This sequence may be a reference sequence of embedded in the pilot sequence so that the receiving wire 
pilot tones . With r ( m ) denoting the transmitted sequence less device can decipher the beam ID that an interfering BS 
with m denoting the index , r ( m ) may map to a complex is using . In some examples , the pilot sequence includes the 
valued modulation symbol az , used as a pilot tone , according cell ID and the beam ID . 
to Equation 1 . 65 FIG . 5 illustrates another example control symbol 500 

structure in accordance with various aspects of the present 
0x = r ( m ) ( 1 ) disclosure . The illustration of the control symbol 500 rep 
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resents tones in a frequency domain . The control symbol 500 tone module 705 may also precode control information for 
may be an example of the control symbol 210 described with the control tone with a discrete Fourier transform . 
reference to FIGS . 2 and 3 . The BS pilot tone module 710 may insert a pilot tone at 

The control symbol 500 may include pilot tones 505 . The a second periodicity in a second subcarrier of the control 
pilot tones 505 may have a periodicity of five tones . A 5 symbol , the pilot tone being offset from the control tone in 
control symbol such as the control symbol 500 that only the control symbol as described with reference to FIGS . 1 - 6 . 
contains pilot tones may be occasionally transmitted . The In some examples , inserting the pilot tone at the second 
frequency of transmitting such control symbols 500 may periodicity further includes inserting the pilot tone every nth 
depend on a velocity of the wireless device and a frequency subcarrier . In some examples , n is a value greater than one . 
of channel change , or combinations thereof . 10 In some examples , the at least two control symbols includes 

FIG . 6 shows a block diagram 600 of an example wireless one symbol that consists of only pilot tones and null tones . 
device 605 that supports joint channel and phase noise The BS pilot tone module 710 may also determine a phase 
estimation in accordance with various aspects of the present of a series of pilot tones based at least in part on a 
disclosure . Wireless device 605 may be an example of pseudo - noise sequence or a Zadoff - Chu sequence . The BS 
aspects of a base station 105 described with reference to 15 pilot tone module 710 may also determine a phase of a series 
FIGS . 1 and 2 . Wireless device 605 may include a BS of pilot tones based at least in part on a UE ID and a beam 
receiver 610 , a BS control symbol component 140 - a , or a BS ID . 
transmitter 620 . Wireless device 605 may also include a The power component 715 may transmit the control tone 
processor . Each of these components may be in communi - at a lower power than the pilot tone as described with 
cation with each other . 20 reference to FIG . 4 . 

The BS receiver 610 may receive information such as The BS transmitter 620 - a may transmit the control sym 
packets , user data , or control information associated with bol as described with reference to FIGS . 1 - 6 . The BS 
various information channels ( e . g . , control channels , data transmitter 620 - a may also transmit at least two control 
channels , and information related to joint channel and phase symbols in a sub - frame , wherein the frequency of transmit 
noise estimation , etc . ) . Information may be passed on to the 25 ting the at least two control symbols is based at least in part 
BS control symbol component 140 - a , and to other compo - on a velocity of a wireless device and a frequency of channel 
nents of the wireless device 605 . change . The BS transmitter 620 - a may also transmit the 

The BS control symbol component 140 - a may generate control symbol within a millimeter wave ( mmW ) radio 
one or more control symbols that enable joint channel and spectrum frequency . In some examples , the BS transmitter 
phase noise estimation . The BS control symbol component 30 620 - a is a mm W device . 
140 - a may insert a control tone at a first periodicity in a first FIG . 8 illustrates a block diagram of a system 800 
subcarrier of a control symbol and insert a pilot tone at a including a BS 105 - b that supports joint channel and phase 
second periodicity in a second subcarrier of the control noise estimation in accordance with various aspects of the 
symbol , the pilot tone being offset from the control tone in present disclosure . System 800 may include BS 105 - 6 , 
the control symbol . The BS control symbol component 35 which may be an example of a wireless device 605 or a base 
140 - a may provide the generated control symbol to the BS station 105 described with reference to FIGS . 1 , 2 , and 6 - 7 . 
transmitter 620 . The BS 105 - b may include a BS control symbol component 

The BS transmitter 620 may transmit signals received 140 - c , which may be an example of a BS control symbol 
from other components of the wireless device 605 . For component 140 described with reference to FIGS . 1 and 6 - 7 . 
example , the BS transmitter 620 may transmit control sym - 40 The BS 105 - b may also include components for bi - direc 
bols . In some examples , the BS transmitter 620 may be tional voice and data communications including components 
collocated with the BS receiver 610 in a transceiver module . for transmitting communications and components for 
The BS transmitter 620 may include a single antenna , or it receiving communications . For example , BS 105 - b may 
may include a plurality of antennas . communicate bi - directionally with UE 115 - c or UE 115 - d . 

FIG . 7 shows a block diagram of another example wire - 45 In some cases , the BS 105 - b may have one or more wired 
less device 605 - a that supports joint channel and phase noise backhaul links . The BS 105 - b may have a wired backhaul 
estimation in accordance with various aspects of the present link ( e . g . , Si interface , etc . ) to the core network 130 . The BS 
disclosure . The wireless device 605 - a may be an example of 105 - b may also communicate with other BSs 105 , such as 
aspects of a wireless device 605 or a BS 105 described with BS 105 - c and base station 105 - d via inter - base station 
reference to FIGS . 1 , 2 , and 6 . The wireless device 605 - a 50 backhaul links ( e . g . , an X2 interface ) . Each of the BSs 105 
may include a BS receiver 610 - a , a BS control symbol may communicate with UEs 115 using the same or different 
component 140 - b , or a BS transmitter 620 - a . The wireless wireless communications technologies . In some cases , BS 
device 605 - a may also include a processor . Each of these 105 - b may communicate with other base stations such as 
components may be in communication with each other . The 105 - c or 105 - d utilizing base station communications mod 
BS control symbol component 140 - b may also include a BS 55 ule 825 . In some examples , base station communications 
control tone module 705 , a BS pilot tone module 710 , and module 825 may provide an X2 interface similar to that of 
a power component 715 . a Long Term Evolution ( LTE ) / LTE - A wireless communica 

The BS receiver 610 - a may receive information which tion network technology to provide communication between 
may be passed on to BS control symbol component 140 - b , some of the base stations 105 . In some examples , the BS 
and to other components of wireless device 605 - a . The BS 60 105 - b may communicate with other BSs 105 through the 
control symbol component 140 - b may perform the opera - core network 130 . In some cases , the BS 105 - b may com 
tions described with reference to FIG . 6 . The BS transmitter m unicate with the core network 130 through network com 
620 - a may transmit signals received from other components munications module 830 . 
of the wireless device 605 - a . The BS 105 - b may include a processor 805 , memory 815 

The BS control tone module 705 may insert a control tone 65 ( including software ( SW ) 820 ) , transceiver 835 , and 
at a first periodicity in a first subcarrier of a control symbol antenna ( s ) 840 , which each may be in communication , 
as described with reference to FIGS . 1 - 6 . The BS control directly or indirectly , with one another ( e . g . , over bus system 
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845 ) . The transceivers 835 may be configured to commu - UE receiver 910 in a transceiver module . The UE transmitter 
nicate bi - directionally , via the antenna ( s ) 840 , with the UES 920 may include a single antenna , or it may include a 
115 , which may be multi - mode devices . The transceiver 835 plurality of antennas . 
( or other components of the BS 105 - 6 ) may also be config - FIG . 10 shows a block diagram 1000 of another example 
ured to communicate bi - directionally , via the antennas 840 , 5 wireless device 905 - a that supports joint channel and phase 
with one or more other BSs . The transceiver 835 may noise estimation in accordance with various aspects of the 
include a modem configured to modulate the packets and present disclosure . Wireless device 905 - a may be an 
provide the modulated packets to the antennas 840 for example of aspects of a wireless device 905 or a UE 115 
transmission , and to demodulate packets received from the described with reference to FIGS . 1 , 2 , and 9 . The wireless 
antennas 840 . The BS 105 - b may include multiple trans 10 device 905 - a may include a UE receiver 910 - a , a UE control 

symbol component 145 - b , or a UE transmitter 920 - a . The ceivers 835 , each with one or more associated antennas 840 . wireless device 905 - a may also include a processor . Each of The transceiver 835 may be an example of a combined these components may be in communication with each 
receiver 610 and transmitter 620 of FIGS . 6 and 7 . other . The UE control symbol component 145 - b may also The memory 815 may include RAM and ROM . The OM . The 15 include a UE control tone module 1005 , a UE pilot tone memory 815 may also store computer - readable , computer module 1010 , and an estimation component 1015 . In some 
executable software code 820 containing instructions that examples , the wireless device comprises a millimeter wave 
are configured to , when executed , cause the processor 805 to ( mmW ) radio . 
perform various functions described herein ( e . g . , joint chan The UE receiver 910 - a may receive information which 
nel and phase noise estimation , selecting coverage enhance - 20 may be passed on to UE control symbol component 145 - b , 
ment techniques , call processing , database management , and to other components of the wireless device 905 - a . The 
message routing , etc . ) . Alternatively , the software 820 may UE control symbol component 145 - b may perform the 
not be directly executable by the processor 805 but be operations described with reference to FIG . 9 . The UE 
configured to cause the computer ( e . g . , when compiled and transmitter 920 - a may transmit signals received from other 
executed ) to perform functions described herein . The pro - 25 components of the wireless device 905 - a . 
cessor 805 may include an intelligent hardware device , e . g . , The UE control tone module 1005 may interpret control 
a CPU , a microcontroller , an ASIC , and the like . The tones included in a received control symbol such as the 
processor 805 may include various special purpose proces control symbol as described with reference to FIGS . 2 - 5 . 
sors such as encoders , queue processing modules , base band That is , the UE control tone module 1005 may determine 
processors , radio head controllers , digital signal processor 30 control information from the control tones . The UE pilot 
( DSPs ) , and the like . tone module 1010 may interpret pilot tones included in a 

The BS communications module 825 may manage com received control symbol as described with reference to 
munications with other BSs 105 . In some cases , a commu - FIGS . 2 - 5 . The UE pilot tone module 1010 may also 
nications management module may include a controller or determine a phase of a series of pilot tones based at least in 
scheduler for controlling communications with UEs 115 in 35 part on a UE identification ( ID ) and a beam ID . 
cooperation with other base stations 105 . For example , the The estimation component 1015 may estimate the phase 
base station communications module 825 may coordinate noise from received control symbols as described with 
scheduling for transmissions to UEs 115 for various inter - reference to FIGS . 2 - 5 . After the phase noise compensation , 
ference mitigation techniques such as beamforming or joint the estimation component 1015 may also perform the chan 
transmission . 40 nel estimation . The estimation component 1015 then deter 

FIG . 9 shows a block diagram 900 of an example wireless mines the control information . 
device 905 that supports joint channel and phase noise FIG . 11 illustrates a block diagram of a system 1100 
estimation in accordance with various aspects of the present including a UE 115 - e that supports joint channel and phase 
disclosure . The wireless device 905 may be an example of noise estimation in accordance with various aspects of the 
aspects of a UE 115 described with reference to FIGS . 1 and 45 present disclosure . The system 1100 may include UE 115 - e , 
2 . The wireless device 905 may include a UE receiver 910 , which may be an example of a wireless device 905 or a UE 
a control symbol component 145 - a , or a transmitter 920 . 115 described with reference to FIGS . 1 , 2 , 9 , and 10 . The 
Wireless device 905 may also include a processor . Each of UE 115 - e may include a UE control symbol component 
these components may be in communication with each 145 - c , which may be an example of a control symbol 
other . 50 component 145 described with reference to FIGS . 1 , 9 , and 

The UE receiver 910 may receive information such as 10 . The UE 115 - e may also include components for bi 
packets , user data , or control information associated with directional voice and data communications including com 
various information channels ( e . g . , control channels , data ponents for transmitting communications and components 
channels , and information related to joint channel and phase for receiving communications . For example , UE 115 - E may 
noise estimation , etc . ) . Information may be passed on to the 55 communicate bi - directionally with UE 115 - f or BS 105 - e . 
UE control symbol component 145 - a , and to other compo - UE 115 - E may also include a processor 1105 , and 
nents of the wireless device 905 . memory 1115 ( including software ( SW ) ) 1120 , a transceiver 

The UE control symbol component 145 - a may receive a 1135 , and one or more antenna ( s ) 1140 , each of which may 
control symbol comprising a control tone at a first period communicate , directly or indirectly , with one another ( e . g . , 
icity , and a pilot tone at a second periodicity , the pilot tone 60 via buses 1145 ) . The transceiver 1135 may communicate 
being offset from the control tone in the control symbol . The bi - directionally , via the antenna ( s ) 1140 or wired or wireless 
UE control symbol component 145 - a may also perform a links , with one or more networks , as described above . For 
phase noise estimation and a channel estimation from the example , the transceiver 1135 may communicate bi - direc 
pilot tone . tionally with a base station 105 or another UE 115 . The 

The UE transmitter 920 may transmit signals received 65 transceiver 1135 may include a modem to modulate the 
from other components of wireless device 905 . In some packets and provide the modulated packets to the antenna ( s ) 
examples , the UE transmitter 920 may be collocated with the 1140 for transmission , and to demodulate packets received 
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from the antenna ( s ) 1140 . While UE 115 - e may include a the operations of block 1505 may be performed by the UE 
single antenna 1140 , the UE 115 - e may also have multiple receiver 910 as described with reference to FIG . 9 . 
antennas 1140 capable of concurrently transmitting or At block 1310 , the UE 115 may perform performing a 
receiving multiple wireless transmissions . phase noise estimation and a channel estimation from the 

The memory 1115 may include random access memory 5 pilot tone as described with reference to FIGS . 2 - 5 . In 
( RAM ) and read only memory ( ROM ) . The memory 1115 certain examples , the operations of block 1310 may be 
may store computer - readable , computer - executable soft - performed by the estimation component 1015 as described 
ware / firmware code 1120 including instructions that , when with reference to FIG . 10 . 

Thus , methods 1200 and 1300 may provide for joint executed , cause the processor 1105 to perform various 
functions described herein ( e . g . , joint channel and phase 10 channel and phase noise estimation . It should be noted that 

methods 1200 and 1300 describe possible implementation , noise estimation , etc . ) . Alternatively , the software / firmware and that the operations and the steps may be rearranged or code 1120 may not be directly executable by the processor otherwise modified such that other implementations are 1105 but cause a computer ( e . g . , when compiled and possible . In some examples , aspects from two or more of the executed ) to perform functions described herein . The pro bed herein . The pro - 15 methods 1200 and 1300 may be combined . cessor 1105 may include an intelligent hardware device , The description herein provides examples , and is not 
( e . g . , a central processing unit ( CPU ) , a microcontroller , an limiting of the scope , applicability , or examples set forth in 
application specific integrated circuit ( ASIC ) , etc . ) . the claims . Changes may be made in the function and 

FIG . 12 illustrates an example method 1200 for joint arrangement of elements discussed without departing from 
channel and phase noise estimation in accordance with 20 the scope of the disclosure . Various examples may omit , 
various aspects of the present disclosure . The operations of substitute , or add various procedures or components as 
method 1200 may be implemented by a BS 105 , a UE 115 , appropriate . Also , features described with respect to some 
or their components as described with reference to FIGS . examples may be combined in other examples . 
1 - 11 . For example , the operations of method 1200 may be Techniques described herein may be used for various 
performed by the BS control symbol component 140 as 25 wireless communications systems such as CDMA , TDMA , 
described with reference to FIGS . 1 , and 6 - 9 . In some FDMA , OFDMA , SC - FDMA , and other systems . The terms 
examples , the BS 105 may execute a set of codes to control “ system ” and “ network ” are often used interchangeably . A 
the functional elements of the BS 105 to perform the CDMA system may implement a radio technology such as 
functions described below . Additionally or alternatively , the CDMA2000 , Universal Terrestrial Radio Access ( UTRA ) , 
BS 105 may perform aspects the functions described below 30 etc . CDMA2000 covers IS - 2000 , IS - 95 , and IS - 856 stan 
using special - purpose hardware . dards . IS - 2000 Releases 0 and A are commonly referred to 

At block 1205 , the BS 105 may insert a control tone at a as CDMA2000 1x , 1x , etc . IS - 856 ( TIA - 856 ) is commonly 
first periodicity in a first subcarrier of a control symbol as referred to as CDMA2000 1xEV - DO , High Rate Packet 
described with reference to FIGS . 2 - 5 . In certain examples , Data ( HRPD ) , etc . UTRA includes Wideband CDMA 
the operations of block 1205 may be performed by the BS 35 ( WCDMA ) and other variants of CDMA . A TDMA system 
control tone module 705 as described with reference to FIG . may implement a radio technology such as Global System 

for Mobile Communications ( GSM ) . An OFDMA system 
At block 1210 , the BS 105 may insert a pilot tone at a may implement a radio technology such as Ultra Mobile 

second periodicity in a second subcarrier of the control Broadband ( UMB ) , Evolved UTRA ( E - UTRA ) , IEEE 
symbol , the pilot tone being offset from the control tone in 40 802 . 11 ( WiFi ) , IEEE 802 . 16 ( WiMAX ) , IEEE 802 . 20 , 
the control symbol as described with reference to FIGS . 2 - 5 . Flash - OFDMTM , etc . UTRA and E - UTRA are part of Uni 
In certain examples , the operations of block 1410 may be versal Mobile Telecommunication System ( UMTS ) . 3GPP 
performed by the BS pilot tone module 710 as described Long Term Evolution ( LTE ) and LTE - Advanced ( LTE - A ) 
with reference to FIG . 7 . are new releases of UMTS that use E - UTRA . UTRA , 

At block 1215 , the BS 105 may transmit the control 45 E - UTRA , UMTS , LTE , LTE - A , and GSM are described in 
symbol as described with reference to FIGS . 2 - 5 . In certain documents from an organization named “ 3rd Generation 
examples , the operations of block 1215 may be performed Partnership Project ” ( 3GPP ) . CDMA2000 and UMB are 
by the BS transmitter 620 as described with reference to described in documents from an organization named “ 3rd 
FIGS . 6 - 8 . Generation Partnership Project 2 ” ( 3GPP2 ) . The techniques 

FIG . 13 illustrates an example method 1300 for joint 50 described herein may be used for the systems and radio 
channel and phase noise estimation in accordance with technologies mentioned above as well as other systems and 
various aspects of the present disclosure . The operations of radio technologies , including cellular ( e . g . , LTE ) communi 
method 1300 may be implemented by a UE 115 or its cations over an unlicensed and / or shared bandwidth . The 
components as described with reference to FIGS . 1 - 11 . For description above , however , describes an LTE / LTE - A sys 
example , the operations of method 1300 may be performed 55 tem for purposes of example , and LTE terminology is used 
by the UE control symbol component 145 as described with in much of the description above , although the techniques 
reference to FIGS . 1 and 9 - 11 . In some examples , a UE 115 are applicable beyond LTE / LTE - A applications . 
may execute a set of codes to control the functional elements The detailed description set forth above in connection 
of the UE 115 to perform the functions described below . with the appended drawings describes examples and does 
Additionally or alternatively , the UE 115 may perform 60 not represent the only examples that may be implemented or 
aspects the functions described below using special - purpose that are within the scope of the claims . The terms “ example ” 
hardware . The method 1300 may also incorporate aspects of and " exemplary , " when used in this description , mean 
method 1200 of FIG . 12 . " serving as an example , instance , or illustration , ” and not 

At block 1305 , the UE 115 may receive a control symbol " preferred ” or “ advantageous over other examples . ” The 
comprising a control tone at a first periodicity , and a pilot 65 detailed description includes specific details for the purpose 
tone at a second periodicity , the pilot tone being offset from of providing an understanding of the described techniques . 
the control tone in the control symbol . In certain examples . These techniques , however , may be practiced without these 
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specific details . In some instances , well - known structures sor . Also , any connection is properly termed a computer 
and apparatuses are shown in block diagram form in order readable medium . For example , if the software is transmitted 
to avoid obscuring the concepts of the described examples from a website , server , or other remote source using a 

Information and signals may be represented using any of coaxial cable , fiber optic cable , twisted pair , digital sub 
a variety of different technologies and techniques . For 5 scriber line ( DSL ) , or wireless technologies such as infrared , 
example , data , instructions , commands , information , sig - radio , and microwave , then the coaxial cable , fiber optic 
nals , bits , symbols , and chips that may be referenced cable , twisted pair , DSL , or wireless technologies such as 
throughout the above description may be represented by infrared , radio , and microwave are included in the definition 
voltages , currents , electromagnetic waves , magnetic fields of medium . Disk and disc , as used herein , include compact 
or particles , optical fields or particles , or any combination 10 disc ( CD ) , laser disc , optical disc , digital versatile disc 
thereof . ( DVD ) , floppy disk and Blu - ray disc where disks usually 

The various illustrative blocks and components described reproduce data magnetically , while discs reproduce data 
in connection with the disclosure herein may be imple - optically with lasers . Combinations of the above are also 
mented or performed with a general - purpose processor , a included within the scope of computer - readable media . 
digital signal processor ( DSP ) , an ASIC , an FPGA or other 15 The previous description of the disclosure is provided to 
programmable logic device , discrete gate or transistor logic , enable a person skilled in the art to make or use the 
discrete hardware components , or any combination thereof disclosure . Various modifications to the disclosure will be 
designed to perform the functions described herein . A gen - readily apparent to those skilled in the art , and the generic 
eral - purpose processor may be a microprocessor , but in the principles defined herein may be applied to other variations 
alternative , the processor may be any conventional proces - 20 without departing from the scope of the disclosure . Thus , the 
sor , controller , microcontroller , or state machine . A proces - disclosure is not to be limited to the examples and designs 
sor may also be implemented as a combination of computing described herein but is to be accorded the broadest scope 
devices , e . g . , a combination of a DSP and a microprocessor , consistent with the principles and novel features disclosed 
multiple microprocessors , one or more microprocessors in herein . 
conjunction with a DSP core , or any other such configura - 25 
tion . What is claimed is : 

The functions described herein may be implemented in 1 . A method for wireless communication , comprising : 
hardware , software executed by a processor , firmware , or inserting control tones at a plurality of subcarriers of a 
any combination thereof . If implemented in software control symbol at a first periodicity ; 
executed by a processor , the functions may be stored on or 30 inserting a pilot tone at a second periodicity in a second 
transmitted over as one or more instructions or code on a subcarrier of the control symbol , the pilot tone being 
computer - readable medium . Other examples and implemen offset from each of the control tones in the control 
tations are within the scope of the disclosure and appended symbol by one or more intervening subcarriers ; and 
claims . For example , due to the nature of software , functions transmitting at least two control symbols in a sub - frame . 
described above can be implemented using software 35 2 . The method of claim 1 , wherein inserting the pilot tone 
executed by a processor , hardware , firmware , hardwiring , or at the second periodicity further comprises : 
combinations of any of these . Features implementing func - inserting the pilot tone every nth subcarrier . 
tions may also be physically located at various positions , 3 . The method of claim 2 , wherein n is a value greater than 
including being distributed such that portions of functions one . 
are implemented at different physical locations . As used 40 4 . The method of claim 2 , further comprising : 
herein , including in the claims , the term “ and / or , " when used determining n based at least in part on a channel delay 
in a list of two or more items , means that any one of the spread , a phase noise level , a channel noise level , or 
listed items can be employed by itself , or any combination combinations thereof . 
of two or more of the listed items can be employed . For 5 . The method of claim 1 , further comprising : 
example , if a composition is described as containing com - 45 determining the offset based at least in part on one or both 
ponents A , B , and / or C , the composition can contain A alone ; of a channel delay spread and a phase noise level . 
B alone ; C alone ; A and B in combination ; A and C in 6 . The method of claim 1 , wherein the offset comprises 
combination ; B and C in combination ; or A , B , and C in four subcarriers . 
combination . Also , as used herein , including in the claims , 7 . The method of claim 1 , wherein the first periodicity is 
“ or ” as used in a list of items ( for example , a list of items 50 equal to the second periodicity . 
prefaced by a phrase such as “ at least one of ” or “ one or 8 . The method of claim 7 , wherein the first periodicity and 
more of ” ) indicates a disjunctive list such that , for example , the second periodicity are every eight tones in a frequency 
a list of at least one of A , B , or C ” means A or B or C or domain of at least one of the control symbols . 
AB or AC or BC or ABC ( i . e . , A and B and C ) . 9 . The method of claim 1 , wherein at least one of the 

Computer - readable media includes both computer storage 55 control symbols include alternating control tones and pilot 
media and communication media including any medium that tones separated by unoccupied subcarriers . 
facilitates transfer of a computer program from one place to 10 . The method of claim 1 , wherein transmitting the at 
another . A storage medium may be any available medium least two control symbols further comprises : 
that can be accessed by a general purpose or special purpose transmitting the control tones at a lower power than the 
computer . By way of example , and not limitation , computer - 60 pilot tone . 
readable media can comprise RAM , ROM , EEPROM , flash 11 . The method of claim 1 , wherein the frequency of 
memory , CD - ROM or other optical disk storage , magnetic transmitting the at least two control symbols is based at least 
disk storage or other magnetic storage devices , or any other in part on a velocity of a wireless device and a frequency of 
medium that can be used to carry or store desired program channel change . 
code means in the form of instructions or data structures and 65 12 . The method of claim 11 , wherein the at least two 
that can be accessed by a general - purpose or special - purpose control symbols comprises a symbol that comprises only 
computer , or a general - purpose or special - purpose proces - pilot tones and null tones . 
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13 . The method of claim 11 , wherein the wireless device 32 . The apparatus of claim 28 , wherein the pilot tone 
comprises a millimeter wave ( mmW ) radio . module is further for determining a phase of a series of pilot 

14 . The method of claim 1 , wherein transmitting the at tones based at least in part on a pseudo - noise sequence or a 
least two control symbols further comprises transmitting the Zadoff - Chu sequence . 
control symbol within a millimeter wave ( mmW ) radio 5 33 . The apparatus of claim 28 , wherein the pilot tone 
spectrum frequency . module is further for determining a phase of a series of pilot 

15 . The method of claim 1 , further comprising : tones based at least in part on a user equipment ( UE ) 
determining a phase of a series of pilot tones based at least identification ( ID ) and a beam identification ( ID ) . in part on a pseudo - noise sequence or a Zadoff - Chu 34 . The apparatus of claim 28 , wherein the control tone sequence . module is further for precoding control information for the 16 . The method of claim 1 , further comprising : control tones with a discrete Fourier transform . determining a phase of a series of pilot tones based at least 

in part on a user equipment ( UE ) identification ( ID ) , a 35 . An apparatus for wireless communication , compris 
beam ID , or combinations thereof . ing : 

17 . The method of claim 1 , further comprising : a processor ; 
precoding control information for the control tones with a memory in electronic communication with the processor ; 

discrete Fourier transform . 
18 . An apparatus for wireless communication , compris instructions stored in the memory and operable , when 

ing : executed by the processor , to cause the apparatus to : 
a control tone module for inserting control tones at a 20 insert control tones at a plurality of subcarriers of a 

plurality of subcarriers of a control symbol at a first control symbol at a first periodicity ; 
periodicity ; insert a pilot tone at a second periodicity in a second 

a pilot tone module for inserting a pilot tone at a second subcarrier of the control symbol , the pilot tone being 
periodicity in a second subcarrier of the control sym offset from each of the control tones in the control 
bol , the pilot tone being offset from each of the control 25 symbol by one or more intervening subcarriers , and 
tones in the control symbol by one or more intervening transmit at least two control symbols in a sub - frame . 
subcarriers ; and 36 . The apparatus of claim 35 , wherein the instructions 

a transmitter for transmitting at least two control symbols are further operable to cause the apparatus to : 
in a sub - frame . insert the pilot tone every nth subcarrier . 

19 . The apparatus of claim 18 , wherein inserting the pilot 30 37 . The apparatus of claim 36 , wherein n is a value greater 
tone at the second periodicity further comprises : than 1 . 

inserting the pilot tone every nth subcarrier . 38 . The apparatus of claim 36 , wherein the instructions 
20 . The apparatus of claim 19 , wherein n is a value greater are further operable to cause the apparatus to : 

than one . determine n based at least in part on a channel delay 
21 . The apparatus of claim 19 , further comprising : 35 spread , a phase noise level , a channel noise level , or 
a control symbol component for determining n based at combinations thereof . 

least in part on a channel delay spread , a phase noise 39 . The apparatus of claim 35 , wherein the instructions 
level , a channel noise level , or combinations thereof . are further operable to cause the apparatus to : 

22 . The apparatus of claim 18 , further comprising : determine the offset based at least in part on one or both 
a control symbol component for determining the offset 40 of a channel delay spread and a phase noise level . 
based at least in part on one or both of a channel delay 40 . The apparatus of claim 35 , wherein the offset com 
spread and a phase noise level . prises four subcarriers . 

23 . The apparatus of claim 18 , wherein the offset com - 41 . The apparatus of claim 35 , wherein the first period 
prises four subcarriers . icity is equal to the second periodicity . 

24 . The apparatus of claim 18 , wherein the first period - 45 42 . The apparatus of claim 41 , wherein the first period 
icity is equal to the second periodicity . icity and the second periodicity are every eight tones in a 

25 . The apparatus of claim 24 , wherein the first period frequency domain of at least one of the control symbols . 
icity and the second periodicity are every eight tones in a 43 . The apparatus of claim 35 , wherein at least one of the 
frequency domain of at least one of the control symbols . control symbols include alternating control tones and pilot 

26 . The apparatus of claim 18 , wherein at least one of the 50 tones separated by unoccupied subcarriers . 
control symbols include alternating control tones and pilot 44 . The apparatus of claim 35 , wherein the instructions 
tones separated by unoccupied subcarriers . are further operable to cause the apparatus to : 

27 . The apparatus of claim 18 , further comprising : transmit the control tones at a lower power than the pilot 
a power component for transmitting the control tones at a tone . 
lower power than the pilot tone . 55 45 . The apparatus of claim 35 , wherein the frequency of 

28 . The apparatus of claim 18 , wherein the frequency of transmitting the at least two control symbols is based at least 
transmitting the at least two control symbols is based at least in part on a velocity of a wireless device and a frequency of 
in part on a velocity of a wireless device and a frequency of channel change . 
channel change . 46 . The apparatus of claim 35 , wherein the at least two 

29 . The apparatus of claim 28 , wherein the at least two 60 control symbols comprises a symbol that comprises only 
control symbols comprises a symbol that comprises only pilot tones and null tones . 
pilot tones and null tones . 47 . The apparatus of claim 45 , wherein the wireless 

30 . The apparatus of claim 28 , wherein the transmitter device comprises a millimeter wave ( mmW ) radio . 
comprises a millimeter wave ( mmW ) radio . 48 . The apparatus of claim 45 , wherein the instructions 

31 . The apparatus of claim 28 , wherein the transmitter is 65 are further operable to cause the apparatus to : 
further for transmitting the at least two control symbols transmit the at least two control symbols within a milli 
within a millimeter wave ( mmW ) radio spectrum frequency . meter wave ( mm W ) radio spectrum frequency . 
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49 . The apparatus of claim 45 , wherein the instructions 64 . The non - transitory computer - readable medium of 
are further operable to cause the apparatus to : claim 62 , wherein the wireless device comprises a millime 

determine a phase of a series of pilot tones based at least ter wave ( mmW ) radio . 
in part on a pseudo - noise sequence or a Zadoff - Chu 65 . The non - transitory computer - readable medium of 
sequence . 5 claim 52 , wherein the instructions are executable to : 

50 . The apparatus of claim 45 , wherein the instructions transmit the at least two control symbols within a milli 
are further operable to cause the apparatus to : meter wave ( mmW ) radio spectrum frequency . 

determine a phase of a series of pilot tone based at least 66 . The non - transitory computer - readable medium of 
claim 52 , wherein the instructions are executable to : in part on a user equipment ( UE ) identification ( ID ) and 10 determine a phase of a series of pilot tones based at least a beam identification ( ID ) . 

51 . The apparatus of claim 45 , wherein the instructions in part on a pseudo - noise sequence or a Zadoff - Chu 
sequence . are further operable to cause the apparatus to : 67 . The non - transitory computer - readable medium of precode control information for the control tones with a claim 52 , wherein the instructions are executable to : discrete Fourier transform . determine a phase of a series of pilot tones based at least 52 . A non - transitory computer - readable medium storing in part on a user equipment ( UE ) identification ( ID ) and 

code for wireless communication , the code comprising a beam identification ( ID ) . 
instructions executable to : 68 . The non - transitory computer - readable medium of 

insert control tones at a plurality of subcarriers of a claim 52 , wherein the instructions are executable to : 
control symbol at a first periodicity ; 20 precode control information for the control tones with a 

insert a pilot tone at a second periodicity in a second discrete Fourier transform . 
subcarrier of the control symbol , the pilot tone being 69 . A method for wireless communication , comprising : 
offset from each of the control tones in the control receiving at least two control symbols in a sub - frame , at 
symbol by one or more intervening subcarriers ; and least one of the control symbols comprising control 

transmit at least two control symbols in a sub - frame . 25 tones at a plurality of subcarriers at a first periodicity , 
53 . The non - transitory computer - readable medium of and a pilot tone at a second periodicity , the pilot tone 

claim 52 , the code further comprising instructions execut being offset from each of the control tones in at least 
able to : one of the control symbols by one or more intervening 

insert the pilot tone every nth subcarrier . subcarriers ; and 
54 . The non - transitory computer - readable medium of 30 performing a phase noise estimation and a channel esti 

claim 53 , wherein n is a value greater than one . mation from the pilot tone . 
55 . The non - transitory computer - readable medium of 70 . The method of claim 69 , further comprising : 

claim 53 , the code further comprising instructions execut - determine control information from the control tones , 
able to : wherein determining control information is based at 

determine n based at least in part on a channel delay 35 least in part on channel and phase noise estimation . 
spread , a phase noise level , a channel noise level , or 71 . The method of claim 69 , wherein performing the 
combinations thereof . phase noise estimation and the channel estimation further 

56 . The non - transitory computer - readable medium of comprises : 
claim 52 , the code further comprising instructions execut - compensating at least one of the control symbols based on 
able to : 40 the phase noise estimation ; and 

determine the offset based at least in part on one or both performing the channel estimation based on the compen 
of a channel delay spread and a phase noise level . sated phase noise . 

57 . The non - transitory computer - readable medium of 72 . An apparatus for wireless communication , compris 
claim 52 , wherein the offset comprises four subcarriers . ing : 

58 . The non - transitory computer - readable medium of 45 a receiver for receiving at least two control symbols in a 
claim 52 , wherein the first periodicity is equal to the second sub - frame , at least one of the control symbols com 
periodicity . prising control tones at a plurality of subcarriers at a 

59 . The non - transitory computer - readable medium of first periodicity , and a pilot tone at a second periodicity , 
claim 58 , wherein the first periodicity and the second the pilot tone being offset from each of the control tones 
periodicity are every eight tones in a frequency domain of at 50 in at least one of the control symbols by one or more 
least one of the control symbols . intervening subcarriers ; and 

60 . The non - transitory computer - readable medium of an estimation component for performing a phase noise 
claim 52 , wherein at least one of the control symbols include estimation and a channel estimation from the pilot tone . 
alternating control tones and pilot tones separated by unoc 73 . The apparatus of claim 72 , the estimation component 
cupied subcarriers . 55 further for determining control information from the control 

61 . The non - transitory computer - readable medium of tones , wherein determining control information is based at 
claim 52 , the code further comprising instructions execut - least in part on channel and phase noise estimation . 
able to : 74 . The apparatus of claim 72 , the estimation component 

transmit the control tones at a lower power than the pilot further for compensating at least one of the control symbols 
tone . 60 based at least in part on the phase noise estimation and 

62 . The non - transitory computer - readable medium of performing the channel estimation based on the compen 
claim 52 , wherein the frequency of transmitting the at least sated phase noise . 
two control symbols is based at least in part on a velocity of 75 . An apparatus for wireless communication , compris 
a wireless device and a frequency of channel change . ing : 
63 . The non - transitory computer - readable medium of 65 a processor ; 

claim 62 , wherein the at least two control symbols comprises memory in electronic communication with the processor ; 
a symbol that comprises only pilot tones and null tones . and 
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instructions stored in the memory and operable , when receive at least two control symbols in a sub - frame , at 
executed by the processor , to cause the apparatus to : least one of the control symbols comprising control 

receive at least two control symbols in a sub - frame , at tones at a plurality of subcarriers at a first periodicity , 
least one of the control symbols comprising control and a pilot tone at a second periodicity , the pilot tone 
tones at a plurality of subcarriers at a first periodicity , 5 being offset from each of the control tones in at least 
and a pilot tone at a second periodicity , the pilot tone one of the control symbols by one or more intervening 
being offset from each of the control tones in at least subcarriers ; and one of the control symbols by one or more intervening perform a phase noise estimation and a channel estimation subcarriers ; and 

perform a phase noise estimation and a channel estimation from the pilot tone . 
from the pilot tone . 79 . The non - transitory computer - readable medium of 

76 . The apparatus of claim 75 , wherein the instructions claim 78 , wherein the instructions are executable to : 
are further operable to cause the apparatus to : determine control information from the control tones , determine control information from the control tones , wherein determining control information is based at wherein determining control information is based at least in part on channel and phase noise estimation . least in part on channel and phase noise estimation . 15 

77 . The apparatus of claim 75 , wherein the instructions 80 . The non - transitory computer - readable medium of 
are further operable to cause the apparatus to : claim 78 , the code further comprising instructions execut 

compensate at least one of the control symbols based at able to : 
least in part on the phase noise estimation ; and compensate at least one of the control symbols based at 

perform the channel estimation based on the compensated 20 least in part on the phase noise estimation ; and phase noise . 
78 . A non - transitory computer - readable medium storing perform the channel estimation based on the compensated 

code for wireless communication , the code comprising phase noise . 
instructions executable to : 


